Activin is a potent inducer of mesoderm in frog embryos. We showed previously that in the mouse, activin /3A is expressed in the uterine decidua near the embryo before and during the first appearance of mesoderm (E4.5-E6.5). Here, using Northern blotting and in situ hybridization, we show that mouse oocytes, E6.5 and E7.5 embryos, and E6.5 and E7.5 decidua contain mRNAs for both activin receptors type II and IIB. The expression of activin receptor type IIB is particularly strong in embryonic ectoderm apparent at ES.5 and continuing through E8.5. These results support the hypothesis that activin derived from the decidua promotes development of mesoderm in the period E5.5-E6.5.
Introduction
In the amphibian embryo, mesoderm is induced in the equatorial zone by factors emanating from the vegetal region (see Smith, 1989) . The TGF-P family member activin is a potent mesoderm inducer in the amphibian system. Animal caps from Xenopus blastulae treated with activin produce a variety of mesodermal tissues, including anterior and dorsal derivatives such as head structures and notochord (Thomsen et al., 1990) and express marker genes for these tissues (Green et al., 1992) . Activin and activin-like activity are present in the frog egg (Asashima et al., 1991; Fukui et al., 1994) and is thus potentially present during mesoderm induction before gastrulation. Its mRNAs are highly expressed in follicle cells (Dohrmann et al., 1993; Rebagliati and Dawid, 1993) , suggesting that activin A or B in early embryos may be derived by uptake of protein into the oocyte from material secreted by surrounding follicle cells. At least two types of activin receptors are present in the early Xenopus embryo and at least one is distributed throughout the embryo (Kondo et al., 1991; Nishimatsu et al., 1992; Hemmati-Brivanlou et al., 1992) . Injection of activin mRNA or activin receptor mRNA into early embryos is able to induce a partial second axis (Thomsen et al., 1990; Kondo et al., 1991; Mathews et al., 1992) . Injection of mRNA encoding a truncated activin receptor, which is predicted to inhibit endogenous activin receptor activity in a dominant negative fashion, blocks mesoderm formation (HemmatiBrivanlou and Melton, 1992) . However, the truncated receptor may block the action of a wide range of TGF&like factors and thus a crucial role for activin itself has not yet been demonstrated.
In chick embryos, the hypoblast plays a central role in induction of the primitive streak (Eyal-Giladi, 1984) . Activin is expressed in the chick blastoderm and can in-0925-4773/95/%09.50 0 1995 Elsevier Science Ireland Ltd. All rights reserved SSDI 0925-4773(94)00295-X duce axial structures in chick epiblast (Mitrani et al., 1990; Ziv et al., 1992) .
In mammalian embryos, mesoderm first appears at the primitive streak on the posterior side of the egg cylinder. The source of inducing factors is unknown, but one candidate is the visceral endoderm which may be in a broad sense homologous to the vegetal hemisphere of the frog. However, in mammals, activin PA mRNA is not detectably expressed in visceral endoderm but rather is highly expressed in some uterine decidual cells close to the embryo from embryonic day 4.5 (E4.5) through E6.5 (Manova et al., 1992; Albano et al., 1994) including the two days before and during appearance of the primitive streak at E6.5. Activin /3B mRNA is also present in the decidua at E5.5-E7.5 but is located around the ectoplacental cone further from the embryonic region (Albano et al., 1994) . Interestingly, activin protein is present in the mouse egg and early embryo (Albano et al., 1993) . The most likely source of this protein is the follicle cells of the ovary in which activin mRNAs are very abundant (Meunier et al., 1988) . As in the amphibian, activin may be secreted by follicle cells and taken up by the oocyte. In addition, mouse oocytes, morulae and blastocysts contain small amounts of mRNA detectable by PCR (Albano et al., 1993 ) that could be a source of some of the activin present in blastocysts.
Activin acting on whole E6.4 mouse embryos can induce expression of the organiser marker gene goosecoid throughout the embryonic ectoderm (Blum et al., 1992) . Activin stimulates expression of the mesoderm marker Brachyury (Vidricaire et al., 1994) and inhibits long term differentiation (van den Eijnden-van Raaij et al., 1991) in P19 EC cells.
If activin is playing a role in the induction and formation of mesoderm in the mouse embryo, the expected target tissue is the embryonic ectoderm which forms the primitive streak and contains premesoderm cells. Activin interacts with two classes of membrane receptors, type I and type II receptors, distinguishable by their ligand-binding properties (Mathews and Vale, 1991; Attisano et al., 1992 Attisano et al., , 1993 . Both receptors are transmembrane protein serine/threonine kinases which together form a heteromeric complex essential for signal transduction (Attisano et al., 1993; ten Dijke et al., 1993 ten Dijke et al., , 1994 Carcamo et al., 1994) . In order to pursue the potential role of activin in the mouse embryo, we have characterized the expression patterns of the mRNAs for the two forms of type II receptors, activin receptors II and IIB (Mathews and Vale 1991; Attisano et al., 1992) . We find expression of both receptors within the embryo consistent with a role for activin before and during gastrulation. In addition, we demonstrate expression of the receptors on ovarian oocytes, which may mediate uptake of activin into the oocytes.
Results

Activin receptors II and IIB are expressed in ovaries. oocytes and testes
Northern blots of total RNA from ovaries were prepared and probed with cDNA sequences for the two activin receptors. As expected (Feng et al., 1993) mRNAs of approximately 3 and 6 kb were found for activin receptor II (Fig. 1, lane 1) . The molecular weights of activin IIB mRNAs have not been observed accurately before; these were found to be approximately 4 and 7-8 kb (the upper band is a doublet ) (Fig. 1, lane  1) . The concentration of mRNAs for both receptors was similar in RNA from 10 day to adult ovaries (not shown). As published by others (Kaipia et al., 1992, RNAs isolated from full-grown oocytes and ovulated eggs were also run on Northern blots and all samples contained detectable amounts of both receptor mRNAs (Fig. 1, lanes 3 and 4) . Growing oocytes also expressed mRNAs for both receptors (data not shown).
In situ hybridization on ovary sections using the probe for activin receptor II revealed a higher grain density over the oocytes ( Fig. 2A ) with quite homogeneous labeling over the somatic tissue. Since the Northern blots indicate higher expression in ovaries than can be accounted for by expression only in oocytes, we interpret these results as a significant level of expression in most cells. Similar results were obtained with the probe for activin receptor IIB, except that the density of label was lower over theta and interstitial cells than over follicle cells (Fig. 2B) .
In situ hybridization on sections of testis showed expression of activin receptor II in late pachytene spermatocytes and early spermatids as already reported (Kaipia et al., 1992) (Fig. 3A) . Activin receptor IIB mRNA was found in type A spermatogonia and in Sertoli cells, most clearly seen in prepubertal testes (Fig.  3C ) (similar to previously reported results (Kaipia et al., 1993) ).
Activin receptors II and IIB are expressed in embryos
and uterine decidua around E6.5
Northern blotting of RNA extracted from isolated E6.5 and E7.5 embryos revealed mRNAs for both activin receptors II and IIB (Fig. 1, lanes 5 and 6) ; at E8.5, both RNAs were present in extraembryonic and embryonic regions (Fig. 1, lanes 7 and 8) ; both were also present in decidual RNA from 6.5 and 7.5-day pregnant mice (Fig. 1, lanes 9 and 10) . Comparison of the intensity of the receptor mRNA bands with the reaction in ovarian RNA on the same blots revealed more activin IIB receptor RNA in embryos relative to ovary, and more activin receptor II in decidua relative to ovary. In situ hybridization to both receptor probes was carried out on embryos sectioned within the uterine decidua.
Stronger expression was observed in pregastrula and gastrulating embryos using the probe for activin receptor IIB; these results are presented first. At E4.5, significant labeling was observed in the inner cell mass and trophectoderm of one of two embryos examined (not shown). At E5.5, labeling with the same probe was quite high over all ectodermal tissues: embryonic and extraembryonic ectoderm, ectoplacental cone and early developing giant trophoblast cells (Fig. 4A and D). At E6.5, expression continued over most ectoderm derived tissues; it was relatively high in the embryonic ectoderm, moderate in the extraembryonic ectoderm and high over the ectoplacental cone ( Fig. 4B and E). Labeling was clearly absent in the visceral endoderm as well as in giant trophoblast cells. At E7.5, the grain density was high over embryonic ectoderm, including the neural plate, and over embryonic mesoderm, quite high over the allantois and moderate over the amnion, chorion and the ectoplacental cone ( Fig. 4C and   F ). The moderate to low grain density seen in the decidua together with the Northern blot results indicate that there is widespread but low expression in this tissue. At E8.5, expression was strong in nervous tissue and mesoderm ( Fig. 5A and B) ; the chorion of the forming placenta and nearby secondary giant trophoblast cells were also labeled (Fig. 5C-F) . Embryos at E13.5 were examined and distinct labeling was observed in a number of tissues, including the brain and spinal cord, kidney tubules and intestinal epithelium (Fig. 6A-D) . The expression of activin receptor IIB in embryos from E5.5 to E7.5 was confirmed by whole mount in situ hybridization; staining was observed as strong in the embryonic ectoderm and weak in the extraembryonic ectoderm ( Fig. 7B and C) . The greater difference in apparent labeling of the two regions in whole mount preparations as opposed to sections is probably due to the greater density of cells in the embryonic ectoderm.
As observed by in situ hybridization to sections, activin receptor II was present at a lower level than IIB in E6.5 embryos; this expression was difficult to distinguish from background apparently because of moderate expression throughout the decidua (Fig. 3B  and D) . Sections of testis on the same slides gave a strong hybridization signal (Fig. 3A) . Similar results were obtained for E5.5 and E7.5 embryos (data not shown). The mRNA detected on Northern blots of embryonic RNA is apparently quite homogeneously spread throughout the various tissue layers. Whole mount preparations of E6-E6.5 embryos revealed significant but low expression in the embryonic ectoderm (Fig. 7A) .
Discussion
The combined results of this and our previous publication (Manova et al., 1992) indicate that activin is expressed in the decidua close to the embryo and its receptor is expressed in nearby epiblast of the embryo in the period from 5.5 through 6.5 days of development. This suggests a functional interaction of activin produced in the decidua with receptor produced in the embryonic ectoderm during the two days before and during early mesoderm formation. Since both type I and type II receptors are necessary for a functional signal in response to activin, it will be necessary to determine whether one or more type I activin receptors are present within the embryo during this time period.
In order to reach the embryo, activin produced in the decidua must cross the layer of trophoblast cells and the layer of parietal endoderm, but neither of these presents a tight barrier to diffusion of proteins of this size (Parr and Parr, 1986) . However, in order to reach the embryonic ectoderm, activin would have to cross the visceral endoderm which forms a tight epithelium comprising the outer layer of the embryonic cylinder (see Jollie. 1990 , for a review of functions of the visceral endoderm). The most likely mechanism for activin to cross the visceral endoderm is by transcytosis; the visceral endoderm is known to be active in transcytosis of immunoglobulin and transferrin at later stages of development. The visceral endoderm is also very active in endocytosis and digestion of external proteins, so that any internalized activin would probably be largely degraded in lysosomes. However, the frog ectoderm is very sensitive to low concentrations of activin (Green et al., 1992) so that release of only small amounts of activin at the basal lateral surface of the epithelium could be sufficient for mesoderm induction. TGFP2 may also be transported at E6.5 since its mRNA is found primarily in the deciduum (Manova et al., 1992 ) and the protein is found within visceral endoderm cells (Slager et al., 1991; Mummery et al., 1993) .
A recent paper has described the expression during early postimplantation development of follistatin mRNA encoding a protein that binds to and inhibits activin (Albano et al., 1994) . At E5.5 and E6.5, follistatin mRNA appears in the decidua peripheral to the region expressing activin @A mRNA. Between E6.5 and E7.5, the mRNA appears in the parietal endoderm suggesting that passage of active activin to the embryo is reduced from this time point. Production of activin in the decidua ceases at approximately the same time. Thus from about E7, the primary source of activin may be within the embryo. However, if present, these amounts must be small since no significant expression within the embryo has been detected by in situ hybridization on E7.5-8.5day embryos.
No asymmetry of expression of activin was detected in the E5.5 to E6.5 decidua that might correspond to the future anterior-posterior axis of the embryo (Manova et al., 1992; Albano et al., 1994) . Similarly, no anteriorposterior polarity in expression of activin receptor II or IIB could be detected within the embryo in whole mount or sectioned material. Thus, differential production of active activin, localized expression of other factors and/or intrinsic differences within the epiblast must be involved in establishing axial polarity.
The expression of activin @A and /3B mRNAs in decidual cells above the embryo in the region of the forming placenta and the expression of activin type II receptors in the forming chorion suggest a second interaction in this region.
While this paper was in preparation, a report appeared demonstrating the presence of mRNAs for activin receptors II and IIB in isolated oocytes by PCR (Wu et al., 1994) . Our in situ hybridization and Northern blot results also demonstrate the expression of both receptors in oocytes; these receptors may mediate effects of activin on oocyte maturation (Itoh et al., 1990; Sadatsuki et al., 1993) and/or uptake of activin that is stored for a period lasting into early embryogenesis (Albano et al., 1993) .
In conclusion, in mammals the maternal decidua provides a source of maternal factors whose homologs may be provided in the egg of amphibians. The likely source of maternal activin in the amphibian egg is the follicle cells of the ovary. We suggest that, during evolution, expression of some maternal proteins that act within the early frog embryo has been programmed to include not only somatic cells of the ovary but also somatic cells of the uterus during early implantation. Thus, homologs of factors stored in the vegetal hemisphere of the frog of Development 49 (1995) [3] [4] [5] [6] [7] [8] [9] [10] [11] embryo may be transmitted from the uterus through the visceral endoderm of the mammalian embryo.
Experimental procedures
Mice used in these studies were derived from mating ICR females to CB6Fi males. Embryos were obtained from timed pregnancies and age estimated by morphology to the nearest half day A cDNA plasmid containing a 2.6-kb insert encoding the entire mouse activin receptor II coding sequence was kindly provided by W. Vale (Mathews and Vale. 1991 ). An alternative 616-nucleotide probe was prepared from a plasmid with an insert spanning the end of the coding sequence (nucleotides 1209-1824 of the published sequence (Mathews and Vale 1991) ); this was obtained by RT-PCR from testis RNA. Similar results were obtained with both probes. Activin receptor IIB was cloned as described (Attisano et al., 1992 ) and a plasmid with a 1700N insert including the whole coding sequence was used to prepare probes. A probe from an insert lacking the kinase domain gave similar results.
Oocytes and eggs were collected as described (Manova et al., 1990) . RNA was prepared according to Chomczynski and Sacchi (1987) . Northern blotting was carried out as described (Manova et al., 1990 ) with 1 pg ethidium added to each sample. Blots were hybridized at 55-60°C for the activin receptor II probes and at 60-65°C for the activin receptor IIB probes.
In situ hybridization to sections was carried out as described (Manova et al., 1992) using [33P]-UTP rather than [35S]-UTP to label the probes in most experiments, and a temperature of 55-60°C for hybridization of activin receptor II and 60-65" for activin receptor IIB. Whole mount in situ hybridization for Fig. 7A and B was carried out essentially according to Wilkinson (1992) except antibody treatment and staining were according to Conlon and Rossant (1992) . For Fig. 7C , prehybridization and hybridization treatments were according to Conlon and Rossant (1992) and posthybridization treatment according to Frank and Harland (1991) .
